Background: We hypothesized that ratios of pro-to antiinflammatory cytokines can be associated with hepatic,
Introduction
Pro-inflammatory and anti-inflammatory cytokines are mediators of multiple events after trauma (1) . They have been shown to be important factors in the genesis of immunomodulation, sepsis, shock, and acute phase response (2) (3) (4) . The purpose of cytokine release is to restore homeostasis. Clinical studies, however, have shown that a sustained or increased release of pro-inflammatory cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-6), or tumor necrosis factor (TNF) can contribute to multi-organ failure, hypermetabolism, morbidity, and mortality (5) (6) (7) (8) (9) . Thus, the uncontrolled and prolonged action of pro-inflammatory cytokines is potentially dangerous (5) (6) (7) (8) (9) . The physiologic counters of pro-inflammatory cytokines are antiinflammatory cytokines, such as interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-10 (IL-10), and interferon-␥ (IFN-␥) (10, 11) . Anti-inflammatory cytokines are important signals in the cascade of the immune defense and equilibrate pro-and anti-inflammatory cytokines by decreasing pro-inflammatory cytokines (10, 11) . IL-10 has particularly gained significance because its administration was associated with improved survival after LPS injection or induction of pancreatitis in rodents (11) (12) (13) . Based on these findings that a decrease of anti-inflammatory cytokines and an increase of pro-inflammatory cytokines are associated with increased mortality, it seems evident that the balance between pro-and anti-inflammatory cytokines is crucial. We therefore suggest that a ratio of pro-to antiinflammatory cytokines is a measurment to determine the inflammatory cascade, and can predict organ function and thus clinical outcome. We determined pro-inflammatory cytokines (IL-1␤, IL-6, TNF), and anti-inflammatory cytokines (IL-2, IL-4, IL-10, IFN-␥), and then formed ratios of each cytokine. These ratios were associated with organ function, which was evaluated by measuring cardiac function, serum creatinine, and serum pre-albumin, cholinesterase for kidney and liver function, respectively.
Because decreased ratios of pro-to anti-inflammatory cytokines indicates improved organ function and clinical outcome, another purpose of the present study was to investigate whether an anabolic growth factor, we chose insulin-like growth factor-I (IGF-I), decreases the ratios of pro-to anti-inflammatory cytokines and therefore improves organ homeostasis. IGF-I is a 7.7-kDa single chain polypeptide of 70 amino acids with sequence homology to proinsulin (14) . In the system 95-99% of IGF-I is bound and transported with one of its six binding proteins (15) . IGF-I has been shown to improve cell recovery, wound healing, peripheral muscle protein synthesis, and gut and immune function after thermal injury (16) (17) (18) (19) (20) . Recent evidence suggests that IGF-I is instrumental in the early phases of liver regeneration after trauma and modulates the hepatic acute phase response in burned rats (21, 22) . Deleterious side effects limited the clinical utilization of IGF-I; however, a new complex was recently developed in which IGF-I is bound in a 1:1 molar ratio to its principle binding protein IGFBP-3. This complex (IGF-I/BP-3) given in physiologic effective doses has been shown effective in thermally injured children and normal volunteers (20) without causing the adverse side effects of IGF-I, which are hypoglycemia, electrolyte imbalance, edema, neuropathies, and cardiac arrest (17, 23) .
Materials and Methods
Twenty-four severely thermally injured children were randomly divided (block randomization 3:1) to receive recombinant human IGF-I in combination with its principle binding protein 3 (IGF-I/BP-3, n ϭ 17) or saline (control, n ϭ 7). Inclusion criteria were patients under 15 years of age, admission to our hospital within 2 days of injury without evidence of organ failure, and burns covering more than 40% total body surface area (TBSA) that required at least three operations for skin grafting.
The rhIGF-I/BP-3 complex was provided by Celtrix Pharmaceuticals, Inc. (Santa Clara, CA, USA) in a 1:1 molar ratio of rhIGF-I to rhIGFBP-3. This corresponds to the naturally occurring protein complex purified by cation exchange column chromatography. Infusions were prepared from vials containing 10 mg/ml rhIGF-I/BP-3 in sterile 50 mM sodium acetate and 105 mM sodium chloride buffered to pH 5.5.
Study Design
Patients were resuscitated according to the Galveston formula with 5000 cc/m 2 TBSA burned ϩ 2000 cc/m 2 TBSA lactated Ringer's solution given in increments over the first 24 hours. Within 48 hours of admission, all patients underwent total burn wound excision, and the wounds covered with available autograft skin with allograft used to cover any remaining open areas. After the first operative procedure patients received 0.9% saline for 5-10 days until the donor site was healed, and were then taken back to the operation theater. In the two groups, blood samples were taken on postoperative day 5. This study period was defined as study period I (Fig. 1 ) and its purpose was to insure that all patients had similar cytokine responses, hypermetabolism, and organ impairment. Immediately after the second operation, patients were randomized into the treatment with a continuous intravenous infusion of either IGF-I/BP-3 in a dose of 1.0, 2.0, or 4.0 mg/kg/day (drug, n ϭ 17) or 0.9% NaCl (controls, n ϭ 7) until the donor site was healed. This was approximately 5-10 days after excision and grafting. Blood was again drawn on the fifth postoperative day (Fig. 1 ). This study period was defined as study period II.
Caloric intake in proteins, carbohydrates, and fat were measured and recorded each day. The amount of caloric intake was calculated for the study periods. All patients received nasoduodenal feedings with Vivonex TEN (Sandoz Nutrition, Minneapolis, MN, USA), containing 82.3% carbohydrate, 3% fat (linoleic acid), and 14.7% protein. Caloric intake was given at a rate calculated to deliver 1500 kcal/m 2 TBSA burned ϩ1500 kcal/m 2 TBSA. This feeding regimen was started at admission, and continued at a constant rate until the wound was 95% healed. Caloric intake was kept constant and the same in both groups throughout the study period.
Serum IGF-I and IGFBP-3
Serum human IGF-I and human IGFBP3 were determined using a human radio immunoassay (Endocrine Sciences, Calabasas Hills, CA, USA). 
Serum Creatinine, Pre-albumin, and Cholinesterase
Serum creatinine as a parameter for the kidney, and serum pre-albumin and cholinesterase for the liver synthesis were determined by a Behring nephelometer (Behring, Darfield, IL, USA).
Cardiac Function
Cardiac 2-D ultrasound was used to obtain hemodynamics. Ultrasound was performed upon admission and during the second study period. The ultrasound measurements were performed by the same blinded observer for all patients. Parameters assessed were cardiac index (CI), stroke volume index (SVI), and left ventricular wall thickness (LVID) during systole and diastole. Rate pressure product mean arterial pressure times heart rate was used as an index of myocardial oxygen consumption.
Serum Cytokines
Plasma IL-1␤ and TNF levels were determined using an ELISA (Endogen, Woburn, MA, USA). Standard curves for quantification of human IL-1␤ or TNF were linear from 0-400 pg/ml or 0-200 pg/ml on a logarithmic scale, respectively. Serum levels of IL-6 were determined by a human ELISA (Biosource, Camarillo, CA, USA). Standard curves for quantification of human IL-6 were linear from 0-500 pg/ml on a logarithmic scale. Peripheral blood mononuclear cells were isolated from heparinized peripheral blood. Whole blood was placed in a Ficoll-Hypaque density gradient centrifugation at 400 g for 30 minutes. The pellet was resuspended in a RPMI-1640 medium (10% FBS, 2 mM L-glutamine, 30 mM HEPES, 5 M 2-mercaptoethanol, 100 U/ml penicillin, 100 g/ml streptomycin). Mononuclear cells were then placed into a 24-well microtiter plate and were stimulated with 2.5 g/ml of anti-CD3 monoclonal antibody for 48 hr at 37 o C in 5% carbon dioxide. ELISA were performed on the supernatants with antibodies for IL-2, IL-4, IL-10, and IFN-␥ (Pharmingen Inc, San Diego, CA, USA) on standard ELISA plates (Costar, Corning Incorporated, Corning, NY, USA).
Ethics and Statistics
Blood of healthy volunteers served to establish normal values. Informed consent approved by the Institutional Review Board of the University of Texas Medical Branch was obtained from all patients or parents. Statistical comparisons were made by paired t-test, ANOVA, and Student's t-test with post hoc Bonferroni's correction where appropriate. Data are expressed as means Ϯ SEM. Significance was accepted at p Ͻ 0.05.
Results
In a dose-response, study we found that the complex given in a concentration of 0.5 mg/kg/day had significantly fewer effects than the dose of 1-4 mg/kg/day. However, no significant differences between children receiving 1, 2, or 4 mg/kg/day of IGF-I/BP-3 could be shown in cytokine, creatinine, cholinesterase, and pre-albumin response; therefore, those patients were combined and treated as one group.
Patient Demographics
There were no significant differences in age, gender, size, or depth of burns or mortality between children treated with rhIGF-I/BP-3 or saline ( Table 1 ). The age range for the control group was 2-10 years, the age range in the treatment group was 2-13 years. The body weight range was 12-30 kg in the control group and 11-46 kg in the treatment group. The ethnic backgrounds of the patients were similar in both groups (Americans, South Americans, African Americans).
There were no differences in caloric intake between the two patient groups and no differences between groups for times after burn to the admission to our hospital, to the start and end of study periods I and II (Table 1) .
Serum IGF-I and IGFBP-3
Serum IGF-I and IGFBP-3 decreased after the burn trauma 3-to 4-fold below normal levels ( Table 2) . Although there was no change in serum IGF-I and IGFBP-3 in the burn control group, serum IGF-I significantly increased from 102 Ϯ 15 g/ml to (Table 2) .
Serum Creatinine, Pre-albumin, and Cholinesterase
Despite early and adequate resuscitation, burn caused a significant increase in serum creatinine, indicating kidney damage when compared with normal levels. In the burn control group, serum creatinine levels remained unchanged and elevated during the two study periods. In the IGF-I/BP-3 group, serum creatinine significantly decreased from 3.7 Ϯ 0.4 mg/dl at day 5 in the first study period to 2.3 Ϯ 0.2 mg/dl at day 5 in the second study period (p Ͻ 0.05). After thermal injury, serum pre-albumin concentration decreased, indicating impaired hepatic constitutive hepatic protein synthesis. Serum pre-albumin concentration was 3-to 4-fold decreased in the burn control group and only showed a slight increased from study period I to study period II (Table 2) . IGF-I/BP-3 treatment increased serum pre-albumin by 55% from study period I to study period II (p Ͻ 0.05, Table 2 ). Serum cholinesterase decreased after thermal injury, indicating hepatic impairment. Serum cholinesterase remained decreased in the burn control group, whereas IGF-I/BP-3 increased cholinesterase to almost normal levels (p Ͻ 0.05, Table 2 ).
Cardiac Function
Cardiac index increased with the infusion of IGF-I/BP-3 by 16 Ϯ 0.3%, stroke volume index by 15 Ϯ 0.01% when compared to controls (p Ͻ 0.05). Because rate pressure product and left ventricular wall thickness did not change, myocardial oxygen consumption remained unchanged, thus indicating an improved cardiac function with IGF-I/BP-3 treatment.
Serum Cytokines
Burn caused an increase in the pro-and anti-inflammatory cytokines (IL-1␤, IL-6, TNF, IL-2, IL-4, IFN ␥, and IL-10) measured in the present study when compared with normal levels. Cytokine concentrations remained nearly unchanged from study period I to study period II (Figs. 2 and 3) . Furthermore, the ratios of pro-to anti-inflammatory cytokines were also found to be steady and did not demonstrate a decrease.
The administration of the IGF-I/BP-3 complex decreased TNF, but had no effect on the concentration of the pro-inflammatory cytokines IL-1␤ and IL-6 when compared with burn controls (p Ͻ 0.05). However, IGF-I/BP-3 increased the anti-inflammatory cytokines IL-2, IFN ␥ and IL-10, when compared with burn controls (p Ͻ 0.05).
Despite the finding that IGF-I/BP-3 had no effect on serum IL-6 concentration, IGF-I/BP-3 significantly decreased the ratios of IL-6/IL-10, IL-6/IL-4, IL-6/IL-2, and IL-6/IFN ␥ (p Ͻ 0.05). These ratios approached values of normal levels, determined on normal healthy volunteers. There were no changes in the ratios of IL-6/IL-10, IL-6/IL-4, IL-6/IL-2, and IL-6/IFN ␥ in the control group (Fig. 2) . The ratios were elevated when compared with normal levels.
Although IGF-I/BP-3 had no effect on IL-1␤, IGF-I/BP-3 decreased the ratios of IL-1␤/IL-2 and IL-1␤/IFN-␥, thus values approached normal levels (p Ͻ 0.05, Fig. 3 ). Burn controls showed almost unchanged ratios. There were no effects of IGF-I/BP-3 sults in vitro and in animal models by increasing survival rates in the state of septicemia (2, 24, 25) . However, when these approaches entered clinical trials, it became evident that these promising animal data could not be found in humans. A possible explanation that the anti-inflammatory agents used failed to control the exaggerated synthesis of pro-inflammatory cytokines may be that they focused on only one pathway or mediator in the inflammatory cascade leading to compensation through other pathways (5, 8, 9) . Another cause of the failure may have been that the anti-inflammatory cascade did not undergo intensive studies. It has not been until recently that investigations speculated about the importance of a balance between pro-and anti-inflammatory agents (12, 13) . Two studies demonstrated that nonsurvivors with pancreatitis had increased IL-6 to IL-10 ratios when compared with survivors (12, 13) . The relevance of cytokine ratios in the pathogenesis and the on the ratios of IL-1␤/IL-10 and IL-1␤/IL-4 when compared with controls. IGF-I/BP-3 significantly decreased TNF concentrations during the study period (p Ͻ 0.05). In addition, IGF-I/BP-3 decreased the ratios of TNF/ IL-2 and TNF/IFN-␥; therefore, values approached normal levels (p Ͻ 0.05, Fig. 4) . Burn controls showed almost unchanged ratios. The ratios TNF/IL-10 and TNF/IL-4 demonstrated each a p-value Ͻ 0.06, but were not significantly different when compared with burned controls.
Discussion
Over the last decade, research has focused on the modulation of the inflammatory response in the state of trauma and sepsis. The use of antibodies against pro-inflammatory cytokines such as TNF, interleukin-1␤ (IL-1␤), or their receptors showed promising re- prediction of trauma, sepsis, and shock still need to be defined; however, individual effects have been investigated. A prolonged and increased inflammatory response contributes to multi-organ failure and mortality (5-7). The overexpression of pro-inflammatory cytokines, such as IL-1, IL-6, and TNF inhibit, the growth hormone-IGF-I axis and increase the hypermetabolic response with resulting increases in morbidity and mortality (26) (27) (28) . In contrast to pro-inflammatory cytokines, antiinflammatory cytokines appear to have protective characteristics. IL-2 and IFN-␥ are signals in the TH-1 response and play a critical role in initiating and maintaining cellular immune responses, in the defense against of intracellular pathogens (29). IL-4 and IL-10 are TH-2 cytokines, characterized by production of B-cell-activating cytokines (29) . TH-2 responses enhance the production of antibodies, which are crucial for the humoral immune response (e.g., in preventing disseminated infections). Administering IL-10 can protect against lethal doses of endotoxin in mice and decreases the release of endotoxin-induced IL-6 and IL-1 (6,10,11). Thus, IL-10 administration may ameliorate the endotoxemic shock and may improve survival. In the present study, we tested the hypotheses whether the ratio of pro-and anti-inflammatory cytokines could be associated with organ function and may predict survival, and whether a growth factor is able to affect these ratios and restore homeostasis. We demonstrated that IGF-I with its principle binding protein-3 restores the equilibrium between pro-and anti-inflammatory cytokines after severe thermal injury and that this shift is associated with improved liver, kidney, and muscle homeostasis. One has to mention that cytokine concentrations were very low. Therefore, it was very important to ensure that all samples were processed in an identical manner, in terms of separation, freezing, and analysis on the same bench. Precautions were taken that all samples were treated the same and all at the same time.
The present study had two study periods. In the first, all patients underwent surgery and received saline infusions to ensure that all burned patients had similar cytokine response and organ impairment. The second period was the true study period, in which the effect of IGF-I/BP-3 was defined. Knowing that all patients had a similar hypermetabolic response during the first study period, all changes observed in the second study period were due to the IGF-I/BP-3 administration and not time effects. IGF-I is a 7.7-kDa single chain polypeptide of 70 amino acids with sequence homology to proinsulin (14) . In the system, 95-99% of IGF-I is bound and transported with one of its six binding proteins IGFBP 1-6 (15) . The majority of IGF-I is bound to IGFBP-3. Administration of the IGF-I/BP-3 complex as a therapeutic agent provides several advantages over the administration of IGF-I alone, because when IGF-I is already bound to IGFBP-3, it rapidly transforms into a ternary complex that confers decreased serum clearance and it allows the delivery of significantly larger amounts of IGF-I without inducing hypoglycemia and electrolyte imbalances. In general, IGF-I has been shown to improve cell recovery, wound healing, peripheral muscle protein synthesis, and gut and immune function after thermal injury (17) (18) (19) (20) . Recent evidence suggests that IGF-I is instrumental in the early phases of liver regeneration after trauma and modulates the hepatic acute phase response in burned rats (21, 22) . IGF-I furthermore improves renal function after trauma by preventing renal failure (30) . The mechanisms by which IGF-I exerts its effects are not entirely defined; however, IGF-I appears to have antiapoptotic, pro-mitogenic effects on multiple cell lines, such as hepatocytes, small bowel epithelial cells, and hematopoietic progenitor cells (21, 30 , unpublished observations). Therefore, IGF-I seems to affect extra-and intracellular signaling pathways. Recent studies demonstrated that IGF-I is capable of modulating the CCCAT-enhancer binding protein (C/EBP) family (31) (32) (33) (34) . IGF-I decreases the C/EBP␤ subtype, which increases after trauma and regulates cytokine and protein synthesis (31, 32) . In contrast, IGF-I increases the C/EBP␣ subtype, which decreases after trauma and regulates constitutive hepatic protein synthesis (31, 35) . IGF-I has furthermore been shown to affect nuclear factor-B (NF-B). NF-B controls the transcriptional regulation of many pro-inflammatory cytokines and acute phase proteins that contain NF-B response elements in their promoter region (3, (36) (37) (38) . IGF-I further affects nitric oxide, JAK/STAT, Gp 130, and many more transcription and translation factors (35, 36) . We therefore suggest that IGF-I plays a major role after trauma by maintaining organ homeostasis and function.
In the present study, we did not differentiate between survivors and nonsurvivors; our patient population was too small and only one control patient died. However, we associated the ratios of pro-and anti-inflammatory cytokines with renal and hepatic function. We found that decreased ratios of pro-and anti-inflammatory cytokines were associated with improved renal and hepatic function. In another study, we determined in the same patient population peripheral muscle protein synthesis, measured as fractional synthetic rate by stable isotope technique (20) . We found that children treated with the IGF-I/BP-3 complex showed increased peripheral muscle protein synthesis 5 days after the administration of the drug when compared with controls (20) . These findings suggest that an attenuation of pro-and anti-inflammatory cytokines is not only associated with kidney and liver function, but also with increased systemic protein synthesis or decreased protein catabolism.
Because unpublished findings by our group demonstrated a significantly decreased amount of ventilator days in the IGF-I/BP-3 group, we suggest that an exaggerated pro-inflammatory and a decreased anti-inflammatory response leads to increased ratios of pro-inflammatory to anti-inflammatory cytokines may indicate a higher risk for the incidence of multiorgan failure and worse clinical outcome. We therefore hypothesize that ratios of pro-inflammatory to anti-inflammatory cytokines can be used to predict clinical outcome and should be included in clinical studies. Although we tested this hypothesis in thermally injured children, we propose that these ratios are applicable to other forms of trauma. We further conclude that IGF-I/BP-3 equilibrates the balance between pro-and anti-inflammatory cytokines, which was associated with improved cardiac, renal, and hepatic function. The benefit of IGF-I/BP-3 in ameliorating the inflammatory response may also apply in reducing multi-organ failure and mortality often observed in the state of severe trauma.
